Abstract: Metazoan embryos begin life as a single large cell, which divides to generate an entire multicellular organism. This natural progression is characterized by an early, visually striking phenomenon of progressive reduction in cell size, since early cell divisions occur in the absence of cell growth. It is intuitive that early embryogenesis, wherein the phenomenon of growing numbers of progressively smaller cells dominate, cell size may be an important factor for normal development. However, in the absence of experimental efforts directed at altering cell sizes in early embryos, the importance of optimal cell sizes early in development for normal embryogenesis remains an intuitive conjecture at best. We used haploid and tetraploid zebrafish as tools to obtain embryos with smaller or larger than the normal diploid size cells, respectively. Analysis of early development in haploids and tetraploids revealed that when reductive early cell divisions generate a pool of smaller or larger cells in comparison to diploid embryos, embryonic patterning is perturbed due to defective collective migration of cells during gastrulation. During this early phase, the transcriptome of haploid and tetraploid embryos remained largely unperturbed, suggesting that the developmental defects cannot be explained by potential transcriptional changes in response to deviation from a diploid state of the genome. We additionally show that a short exposure to a combination of Aphidicolin and Hydroxyurea during blastoderm stages increases cell sizes in diploid embryos. Such embryos displayed morphological abnormalities that resembled haploid and tetraploid embryos at the end of gastrulation.
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Conversely, a similar short exposure to a combination of Aphidicolin and Hydroxyurea increased cell sizes in haploid embryos, partially restoring normal patterning. We posit that early reductive divisions set up an optimum range and proportions of cell sizes in early embryos onto which molecular controls are overlaid to execute collective cell migration during gastrulation.
Perturbation of the normal cell size landscape triggers aberrant cell migration and gastrulation defects despite normal expression of conserved genes, revealing the importance of optimal cell sizes per se in normal embryonic patterning.
Cell size is a fundamental feature of biological systems, which varies across organisms and across cell types within a multicellular organism (1, 2). The size of adult animals is determined genetically but can be heavily influenced by extracellular cues such as nutrient availability and growth factor signaling (3) (4) (5) (6) (7) (8) (9) . Generally, the size of individual cells in adult animals remains comparable, despite dramatic variation in the size of the adult organisms (4). This is because organs (and indeed the organism as a whole) can increase in mass by cell growth or by cell proliferation and these two fundamental phenomena can be coupled to or uncoupled from each other in diverse developmental and homeostasis contexts (10) (11) (12) . A phase of development when cell proliferation is always uncoupled from cell growth is the early cell divisions that newly fertilized embryos undergo, which produces increasing numbers of progressively smaller daughter cells. During this rapidly evolving cell size phase, it is unclear the extent to which cell sizes can determine embryonic development. Indeed, it is unclear if cell size optima exist for each phase of early reductive division, which ensures normal transition to the next phase of reductive division, subsequently determining the morphological transformation of a ball of blastoderm cells into a three dimensionally well organized embryo.
We chose to investigate the relevance of cell size optima during the reductive cell division phase on early embryonic patterning using the rapidly dividing zebrafish embryo as our experimental paradigm (13) . In addition to nutrient and growth factor signaling, genome size is known to determine cell size (14, 15) . Therefore, to obtain embryos with cell sizes smaller or larger than the normal diploid embryos, we chose to use haploid and tetraploid zebrafish embryos. Our study experimentally proves the existence of cell size regulation during reductive cell division in embryos and show that deviation from an early stage-specific cell size norm can cause defects in embryonic development in zebrafish.
We began our investigations by characterizing cell sizes in diploid zebrafish embryos during early development by immunofluorescence analysis for β-catenin to mark cell boundaries (Fig. 1, Supplementary Fig. 1, 2) . We chose the early blastoderm (2 hours post fertilization (hpf) and pre-zygotic genome activation (ZGA) phase), late blastoderm (3, 4 hpf and post-ZGA phase), early gastrula (6 hpf) and early larva (24 hpf) for quantitative analysis of cell size reduction during zebrafish development (Fig. 1, Supplementary   Fig. 1, 2) . We divided 3, 4 and 6 hpf embryos into four quadrants and imaged a region of interest within each quadrant to sample majority of the blastoderm for quantitative analysis of cell areas ( Supplementary Fig. 1D Cells with areas less than this bin were categorized as small and cells with areas more than this bin were categorized as large. For example, at 2hpf, the average cell size is 3507. Haploid and tetraploid zebrafish embryos tend to undergo normal rounds of early reductive divisions and reach blastoderm stages comparable to diploid embryos (17) . It is known that ploidy affects cell size (14, 15) .
Therefore, unsurprisingly, cell sizes in haploid and tetraploid embryos appeared to be smaller and larger respectively, particularly at 2, 3, 4 and 6 hpf Supplementary Fig. 3A ). As development progressed, in the late blastoderm at 3 and 4 hpf and early gastrula at 6 hpf, haploid small and large cells remained significantly smaller than diploid small and large cells, respectively ( Fig. 2A-C) . Medium cells tended to deviate from the size norm only at 2 and 4 hpf ( Fig. 2B and Supplementary Fig. 3A ). Thus, during late blastoderm at 3 and 4 hpf and early gastrula at 6 hpf, small and large cells in haploids consistently deviated from the cell size norm ( Fig. 2A-C) . The reductive cell division phase is followed by a phase during which collective cell migration rearranges cells to morphologically transform the blastoderm into a three dimensionally patterned embryo through gastrulation. In haploids, if the deviation from the cell size norm is to exert an effect on collective cell migration during epiboly and gastrulation, either small or large cells may need to exist disproportionately in the inherently heterogenous cell size landscape.
An analysis of the distribution of cell size categories in haploids revealed that 45 -83% were small cells, whereas 6 -40% were large cells between 2 to 6 hpf ( Fig. 2G-I, Supplementary Fig. 3E ).
In the early tetraploid blastoderm at 2 hpf, there were no small or medium cells and the large cells were significantly bigger than diploid large cells at 2 hpf (Supplementary Fig. 3C ). As development progressed, in the late blastoderm at 3 and 4 hpf and early gastrula at 6 hpf, tetraploid large cells remained significantly bigger than diploid large cells at comparable developmental stages (Fig. 2D-F ). Small and medium cells were significantly bigger in tetraploids only during 2 and 3 hpf, but were comparable to diploid small and medium cells at 4 hpf and 6 hpf ( By the end of gastrulation at 10 hpf, haploid and tetraploid embryos had a comparatively shorter body axis, which was also evident at 24 hpf ( To confirm this, we performed whole embryo RNA in situ hybridization for a select group of genes to assess for defects in anterior migration and dorsal convergence. At 7 hpf, gsc is expressed by the prechordal plate mesoderm cells at the anterior and foxa2 marks posteriorly juxtaposed axial mesoderm (Fig. 3A) . In haploids, the domains of gsc and foxa2 expression remained intermingled and the foxa2 expressing axial mesoderm cells were found in a shorter domain, indicating a failure in anterior migration of prechordal plate cells and axial mesoderm elongation (Fig. 3B) . In tetraploids, though there were no overt defects in gsc and foxa2 expression domains, in general gsc expression seemed dampened (Fig. 3C ). After completion of gastrulation at 10 hpf, the extent of dorsal convergence of cells can be assessed by the distance between the bilateral rows of non-neural ectodermal cells across the dorsal midline, marked by dlx3b (Fig. 3D) . In both haploids and tetraploids, the non-neural ectoderm cells were located further away from the midline, indicating a failure to converge dorsally (Fig. 3E, F) . Thus, haploid and tetraploid embryos composed predominantly of smaller and larger cells respectively, display a range of cell migration defects during gastrulation.
We further tested the migratory behaviors of haploid and tetraploid cells by generating chimeric diploid embryos in which small groups of differentially labeled diploid-haploid or diploid-tetraploid embryos were co- The experimental system we used to uncover the relevance of cell size in driving normal embryogenesis was based on alteration of ploidy in embryos. We chose such an apparently flawed system primarily because, 1) cellular and molecular mechanisms that regulate dynamic cell size scaling during early development is not known in any metazoan, 2) there are no mutants which result in smaller or larger cells during early development to understand the consequence of having smaller or larger than normal cells to embryonic patterning. However, we were concerned that the primary defect in haploids and tetraploids may be errors in dosage compensation due to change in ploidy from a diploid state, which manifests as patterning errors in our analysis. To address this, we performed whole transcriptome analysis in haploids and tetraploids at 3-3.5 hpf, after the zygotic genome becomes active at 2.5 hpf (REF). We chose this stage for transcriptome comparisons also because DNA content affect timing of ZGA (20) (21) (22) and therefore the composition of the transcriptomes in haploids and tetraploids may be different.
We also reasoned that the early and late blastoderm stages of 3 to 4 hpf were the developmental time points prior to gastrulation when the small or large cell size category dominates the haploid and tetraploid cell size landscape and therefore transcriptome composition during this phase would be important to understand. Whole transcriptome comparisons show that the majority of genes are not mis-regulated in response to alteration in ploidy at 3-3.5 hpf in zebrafish haploids and tetraploids (Fig. 3M, N) . 21 genes were mis-regulated in haploids and 33 genes were mis-regulated in tetraploids ( Supplementary   Fig. 4) . Amongst the 54 genes that were mis-regulated, only 6 genes were mis-regulated in common between haploids and tetraploids suggesting that the transcriptional response is specific to a haploid or a tetraploid state of the genome and it is not a general response to a non-diploid state ( Supplementary Fig. 4 ). The absence of gross transcriptome alterations also suggests that the basis of the early defects we observe in cell migration and gastrulation is unlikely due to early molecular defects in haploids and tetraploids. A molecular pathway well known to drive collective cell migration in diverse cellular and evolutionary contexts is the Planar Cell Polarity (PCP) pathway (23) . We next checked whether downstream components of the PCP pathway were differentially expressed in haploids and tetraploids by quantitative real time PCRs. For this analysis, we chose late gastrula stage embryos at 8 hpf, since we had transcriptome information at earlier stages.
Additionally, dorsal convergence, which is compromised in both haploids and tetraploids, normally initiates during late gastrula stages (13) . Transcript levels of 11 genes representing diverse components of the PCP signaling pathway remained unaltered in haploids and tetraploids at 8 hpf (Fig. 3O ). Taken together, the transcriptome comparisons and quantitative real time PCR data strongly suggest that transcriptional alterations are unlikely contributors to the cell migration defects and subsequent embryogenesis defects seen in haploids and tetraploids.
To prove that cell size deviations from the norm during the early phases of reductive cell divisions in the blastoderm can trigger collective cell migration defects, which manifests as morphological defects in embryonic patterning, we next attempted to alter cell sizes in diploids to achieve a haploid or tetraploid phenotypic outcome at the end of gastrulation. A combinatorial treatment of Aphidicolin and Hydroxyurea has been reported to effectively alter cell sizes in the zebrafish notochord (24) . Our experimental strategy was to briefly expose zebrafish embryos to Aphidicolin and Hydroxyurea at ~3 hpf, a developmental stage we chose based on the cell size analysis. We treated embryos from 3 to 6 hpf (encompasses epiboly and initiation of gastrulation) and from 3 to 10 hpf (encompasses epiboly till completion of gastrulation) and recorded at 10 hpf the live phenotype and extent of dorsal convergence using dlx3b as a marker. The previously reported concentrations of 150µM Aphidicolin and 20mM Hydroxyurea (24) were found to cause embryonic lethality by 10 hpf (Supplementary Fig. 5A) .
Standardization experiments were then carried out to arrive at a concentration combination, which would alter cell sizes in the zebrafish blastoderm without inducing drug toxicity ( Supplementary Fig. 5A ). At all concentrations tested, the combinatorial treatment of Aphidicolin and Hydroxyurea resulted in cell size alteration in zebrafish embryos. However, embryos exposed to a combination of 50µM Aphidicolin and 5mM Hydroxyurea or 25µM Aphidicolin and 2.5mM Hydroxyurea either from 3 to 6 hpf or from 3 to 10 hpf both resulted in negligible toxicity, yet effectively altered cell sizes by 6 hpf, when gastrulation begins ( Supplementary Fig. 5 ).
We chose to alter cell sizes in diploids using 50µM Aphidicolin and 5mM Hydroxyurea with a short treatment from 3 to 6 hpf. After the drug treatment, embryos were allowed to develop in drug-free media till 10 and 11
hpf for live and dlx3b expression analysis, respectively. In comparison to DMSO exposure, embryos treated with 50µM Aphidicolin and 5mM
Hydroxyurea from 3 to 6 hpf showed a visible increase in cell size at 6 hpf, indicating that the short 3 hour exposure was sufficient to achieve cell size alterations in diploids (Fig. 3P, Q) . At 10 hpf, in comparison to DMSO treated diploids, the Aphidicolin and Hydroxyurea treated diploid embryos had shorter body axis, which resembled the phenotypes seen at 10 hpf in haploids and tetraploids (Fig. 3Pa , Qa, compare to Fig. 2O, P) . We additionally assessed the extent of dorsal convergence at 12 hpf by assaying for dlx3b expression in diploid embryos treated with Aphidicolin and Hydroxyurea from 3 to 6 hpf.
DMSO treated embryos resembled untreated control embryos with the nonneural ectoderm on either side of the midline (Fig. 3R, compare to 3D ).
However, in diploid embryos treated with Aphidicolin and Hydroxyurea, the dlx3b expressing non-neural ectoderm was found further away from the midline, a phenotype that resembled the dlx3b expression in haploids and tetraploids (Fig. 3S, compare to 3E, F) . It is unlikely that the short (3 to 6 hpf) and lower than reported concentration of Aphidicolin and Hydroxyurea used in our experiments causes transcriptional or other appreciable molecular changes in the embryos. Thus, diploid embryos in which we increased the size of cells during early blastoderm to gastrulation stages by pharmacological interventions failed to execute dorsal convergence optimally. This experiment strongly supports our view that cell size deviations from the norm during early blastoderm to early gastrulation stages can influence collective cell migration during gastrulation.
Since the combinatorial treatment with Aphidicolin and Hydroxyurea always resulted in increase in cell size, we next treated haploid embryos with this combination as well. We reasoned that in haploid embryos the cell size landscape during early blastoderm to early gastrulation stages is predominantly composed of smaller cells. An increase in cell size may contribute to rescue of the cell migration defects and perhaps result in rescue of embryonic patterning as well. In an identical experimental paradigm to diploids in which we treated haploid embryos with 50µM Aphidicolin and 5mM
Hydroxyurea from 3 to 6 hpf embryos resulted in cell extrusions by 10 hpf, indicating that haploid embryos were fragile in nature when exposed to drugs (data not shown). We therefore treated haploid embryos with 50µM
Aphidicolin and 5mM Hydroxyurea from 3 to 4.5 hpf, an exposure of 1.5 hrs, instead of the 3 hrs which was used for diploids. In haploid embryos, Aphidicolin and Hydroxyurea treatments caused an increase in cell size, which resulted in embryos with partially rescued axis extension at 10 hpf, though the embryos appeared to have other defects such as a smaller head Transcriptome analysis: Diploid, haploid and tetraploid embryos were generated in 3 independent experiments and total RNA was extracted by
Trizol method (Ambion 15596018) at 3hpf. RNA obtained from 3 sets of 30-40 embryos each in every independent experiment was subsequently pooled and its quality and yield was assessed using a Bioanalyzer (Agilent 2100). All sets with RIN value >/= 7 were sent for whole transcriptomic analysis. The strand specific, paired end reads were then analyzed using Galaxy open source platform and the data was assembled and represented using R software. Hydroxyurea (R-T) from 3-10hpf have axis elongation defects.
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